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S u m m a r y  
T h e  E x t e r n a l l y  S e q u e n c e d  P r o c e s s o r  
( E S P )  i s  a  s y s t e m  w h i c h  e m b o d i e s  a  c o m p l e t e  
s e p a r a t i o n  o f  t h e  c o n t r o l  a n d  d a t a  p r o c e s s -
i n g  f u n c t i o n s  o f  t h e  m a c h i n e .  T h e  E S P  i s  
o r g a n i z e d  s o  t h a t  a d d i t i o n a l  f u n c t i o n a l  c a p -
a b i l i t i e s  a s  w e l l  a s  p e r i p h e r a l s  c a n  b e  a d d e d .  
T h e  i n t e r f a c i n g  r e q u i r e m e n t s  a r e  p a r t i c u l -
a r l y  s t r a i g h t f o r w a r d .  
I n t r o d u c t i o n  
A n y  o p e r a t i n g  d i g i t a l  s y s t e m  ( i n -
c l u d i n g  i t s  r e s i d e n t  s o f t w a r e )  c a n  b e  c o n -
c e p t u a l l y  s e p a r a t e d  i n t o  t w o  d i s t i n c t  
s c t i o n s ;  o n e  a s s o c i a t e d  w i t h  t h e  c o n t r o l  o f  
t h e  s y s t e m ,  a n d  t h e  o t h e r  p r i m a r i l y  d e d i c a t e d  
t o  d a t a  s t o r a g e  a n d  p r o c e s s i n g .  A l t h o u g h  ·  
t r a d i t i o n a l  p r o c e s s o r s  d o  n o t  t a k e  a d v a n t a g e  
o f  t h i s  d i s t i n c t i o n ,  a  g r e a t  d e a l  o f  o p t i -
m i z a t i o n  i n  t h e  h a r d w a r e  c a n  b e  a c h i e v e d  b y  
p a r t i t i o n i n g  a  s y s t e m  a l o n g  t h e s e  l i n e s .  
F u r t h e r ,  e a c h  o f  t h e s e  m a j o r  m a c h i n e  s u b -
d i v i s i o n s  c o n t a i n s  t w o  q u i t e  d i s t i n c t  t y p e s  
o f  b i n a r y  n u m b e r s .  T h e  c o n t r o l  s e c t i o n  
c o n t a i n s  i n s t r u c t i o n s  a n d  i n s t r u c t i o n  l o -
c a t i o n s ,  w h i l e  t h e  d a t a  s t o r a g e  a n d  p r o c e s s i n g  
s e c t i o n  c o n t a i n s  d a t a  w o r d s  a n d  d a t a  m e m o r y  
a d d r e s s e s .  E a c h  o f  t h e s e  f o u r  q u a n t i t i e s  i s  
t r e a t e d  i n  q u i t e  a  d i f f e r e n t  w a y  i n  t h e  
e x e c u t i o n  o f  t y p i c a l  s y s t e m  f u n c t i o n s  a n d  
o n c e  a g a i n ,  p a r t i t i o n i n g  t h e  s y s t e m  s o  t h a t  
t h e s e  q u a n t i t i e s  c a n  b e  h a n d l e d  b y  s e p a r a t e  
p i e c e s  o f  h a r d w a r e  a l l o w s  c o n s i d e r a b l e  
o p t i m i z a t i o n  o f  m a c h i n e  p e r f o r m a n c e  w i t h o u t  
p u s h i n g  t h e  t e c h n o l o g y  f o r  u l t r a - f a s t  c y c l e  
t i m e s .  
T h e  E S P  s y s t e m  d e p a r t s  f r o m  t h e  l o n g  
t r a d i t i o n  o f  s t o r e d  p r o g r a m  m a c h i n e s  b y  
r e c o g n i z i n g  t h a t  m o s t ,  i f  n o t  a l l  o f  t h e  
s o f t w a r e  w i l l  b e  r e s i d e n t  i n  s o m e  t y p e  o f  
r e a d - o n l y  m e d i u m .  R a t h e r  t h a n  a  m e r e  r e a d -
o n l y  m e m o r y ,  w e  h a v e  c h o s e n  a s  o u r  m e d i u m  a  
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s e l f - c o n t a i n e d  p r o g r a m m a b l e  s e q u e n c e r -
c o n t r o l l e r  w h i c h  c o n t a i n s  n o t  o n l y  t h e  i n -
s t r u c t i o n s ,  b u t  t h e  e n t i r e  p r o g r a m  s e q u e n c e  
a s  w e l l .  
S y s t e m  O r g a n i z a t i o n  
A  b l o c k  d i a g r a m  o f  t h e  E S P  i s  s h o w n  
i n  F i g .  1 .  T h e  c o n t r o l  s e c t i o n  i s  c o m p o s e d  
o f  a s  m a n y  c o n t r o l  m o d u l e s  a s  i s  n e c e s s a r y  
t o  c o n t a i n  t h e  a m o u n t  o f  p r o g r a m  r e s i d e n t  i n  
t h e  s y s t e m .  H o w e v e r ,  t h e  m o d u l e s  a r e  n o t  
m e r e l y  r e a d - o n l y  m e m o r i e s  i n  w h i c h  p r o g r a m  
i s  s t o r e d ,  b u t  a l s o  c o n t a i n s  a l l  o f  t h e  
s e q u e n c i n g  l o g i c  a n d  c a p a b i l i t i e s  f o r  l o o p -
i n g ,  b r a n c h i n g ,  e t c .  W i t h  m o r e  t h a n  o n e  
c o n t r o l  m o d u l e ,  f u l l y  i n d e p e n d e n t  s u b r o u t i n e  
c a p a b i l i t i e s  a n d  a u t o m a t i c  n e s t i n g  a r e  i n -
h e r e n t  i n  t h e  s y s t e m .  O n e  a n d  o n l y  o n e  
c o n t r o l  m o d u l e  h a s  c o m p l e t e  c o n t r o l  o f  t h e  
s y s t e m  a t  a n y  t i m e .  I t  t r a n s m i t s  a n d  r e -
c e i v e s  i n f o r m a t i o n  o n  t w o  b u s e s ,  t h e  c o m m a n d  
b u s  ( u s e d  e x c l u s i v e l y  f o r  i n s t r u c t i o n s )  a n d  
t h e  d a t a  b u s  ( p r i m a r i l y  u s e d  f o r  d a t a  t r a n s -
f e r s  b e t w e e n  m e m b e r s  o f  t h e  d a t a  s e c t i o n  o f  
t h e  m a c h i n e )  .  T h e  s y s t e m  o p e r a t e s  i n  a  
c o m p l e t e l y  s y n c h r o n o u s  m a n n e r  w i t h  t w o - p h a s e  
c l o c k  b e i n g  s u p p l i e d  t o  a l l  m o d u l e s  o f  t h e  
s y s t e m .  
T h e  p r i m a r y  m e m b e r s  o f  t h e  d a t a  
s e c t i o n  o f  t h e  m a c h i n e  a r e  t h e  d a t a  m e m o r y  
m o d u l e  a n d  v a r i o u s  c l a s s e s  o f  a r i t h r n e t i c -
l o g i c  m o d u l e s .  T h e  m o s t  i m p o r t a n t  d a t a  
c e n t e r e d  o p e r a t i o n  i n  t h e  m a c h i n e  i n  m o s t  
i n s t a l l a t i o n s  i s  t h a t  o f  m a i n t a i n i n g  a  d a t a  
m e m o r y .  T h i s  o p e r a t i o n  i s  c a r r i e d  o u t  b y  
t h e  d a t a  m e m o r y  c o n t r o l  m o d u l e  w h i c h  i n t e r -
f a c e s  t h e  a c t u a l  m e m o r y  c h i p s  c o m p r i s i n g  
t h e  d a t a  m e m o r y  t o  t h e  b u s  s y s t e m .  S e v e r a l  
a r i t h m e t i c  a n d  l o g i c  m o d u l e s  m a y  a l s o  b e  
a t t a c h e d  t o  t h e  s y s t e m  t o  d o  t h e  c o n v e n t i o n a l  
c l a s s e s  o f  o p e r a t i o n s  u p o n  t h e  d a t a  a p p e a r -
i n g  o n  t h e  d a t a  b u s  u n d e r  t h e  c o n t r o l  o f  t h e  
c o m m a n d  b u s .  F i n a l l y ,  a n y  n u m b e r  o f  p e r i p h -
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erals can be attached to the bus in the same 
manner that the data memory was. A periph-
eral control module looks at the command and 
data buses along with outputs from the 
peripheral, and provides control signals 
necessary for operating the peripheral and 
allowing the peripheral to either receive 
or send data on the data bus. Each of the 
modules in the data section has its own 
instruction set, recognizing instructions on 
the command bus and has access to data on the 
data bus. With the exception of certain 
peripherals, all the data modules execute 
one instruction in one machine cycle time. 
Hence, all of their operations are complete-
ly under the control of the control modules 
at all times. By careful design of the data 
modules it was not necessary to compromise 
the instruction set to execute instructions 
in one cycle time, primarily because the 
operations done by each module are very 
similar. Conflicts were resolved by parti-
tioning rather than by time sequencing. 
This, in fact, may be viewed as the central 
philosophy of the entire machine. 
A sequence is initiated with the 
control module placing an instruction upon 
the command bus. This instruction is de-
coded by the appropriate data module, exe-
cuted, and the result placed on the data bus 
during the following clock cycle. By this 
time the control module will have placed the 
next instruction on the command bus and that 
instruction will be executed upon the data 
which will then be present on the data bus. 
As a simple example, let us consider the 
transfer of data from a location in memory 
to the arithmetic logic unit. During the 
first clock cycle, the control module places 
a read memory command on the command bus. 
This instruction is decoded in the data 
memory control module and during the second 
clock cycle the contents of the currently 
addressed memory location will appear on the 
data bus. At the same time the control 
module will place a store command on the 
command bus and the arithmetic logic unitwill 
take the contents of both the command and 
data buses during the second clock cycle, 
interpret its instruction, and store the 
contents of the data bus in one of its 
registers. This "source-destination" doublet 
is characteristic of a great deal of the 
action which takes place on the buses. 
The Control Module 
Given a controller with the appro-
priate characteristics, this machine possess 
great generality, flexibility and is in-
definitely extendable. It is clear from the 
above argument that the most crucial re-
quirement of the system is for a controller 
of rather unique characteristics. It should 
be able to contain large quantities of pro-
gram without consuming a large amount of 
chip area; it should contain the capability 
of branching on all sorts of conditions, 
and sequencing through program states in a 
completely general way. It is not obvious 
that such a controller is easily implement-
able or even possible in the LSI medium, but 
in fact, it turns out to be. The controller 
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used is a programmable logic 'Ifay, which 
has been described elsewhere. The device 









PROGRAMMABLE LOGIC ARRAY 
of a set of input lines running vertically 
into an AND matrix whose outputs are hori-
zontal lines which can be programmed to 
decode any AND combination of input terms 
(or of any subset of the input terms) . The 
horizontal outputs of the AND matrix form 
inputs to a OR matrix whose outputs run 
vertically out to the buses and also to a 
number of flip-flops whose outputs are fed 
back into the AND matrix. It is clear that 
this device is simply a straightforward 
embodement of one of the two canonical re-
presentations of any logic function and 
therefore can provide any arbitrary function 
of the desired inputs. However, the real 
power of the device manifests itself in 
rather non-obvious ways. Since the inputs 
to the flip-flops can be any arbitrary 
logic function of the external inputs and 
the present contents of the flip-flops; the 
next flip-flop state can be programmed to be 
any arbitrary function of the inputs and 
the past history of the machine. This, of 
course, is just the definition of the com-
pletely general sequencial controller. 
Since the program is placed in the machine 
in the form of contacts being made or not 
made to transistors in the AND and OR arrays 
the AND plane can be programmed to recognize 
any input variable, its compleement or 
neither. Hence, the AND plane represents a 
content addressable program store with 
complete flexibility to ignore variables 
not of interest. In practice, the flip-flops 
c o n t a i n  t h e  i n t e r n a l  s t a t e  o f  t h e  c o n t r o l l e r  
( t h e  p r o g r a m  s t e p )  a n d  a r e  s e q u e n c e d  o n  e a c h  
c l o c k  c y c l e ,  d e p e n d i n g  u p o n  t h e  c u r r e n t  
m a c h i n e  s t a t e  a n d  t h e  e x t e r n a l  i n p u t s .  E a c h  
h o r i z o n t a l  l i n e  i n  t h e  s e q u e n c e r  c o r r e s p o n d s  
t o  o n e  l i n e  o f  m a c h i n e  c o d e .  J u m p s  a r e  
e x e c u t e d  m e r e l y  b y  l o a d i n g  a  n e w  f l i p - f l o p  
s t a t e  d e p e n d e n t  u p o n  t h e  c u r r e n t  s t a t e  a n d  
t h e  i n p u t s .  S i n c e  m o r e  t h a n  o n e  h o r i z o n t a l  
l i n e  m a y  b e c o m e  a c t i v a t e d  d u r i n g  a  c l o c k  
c y c l e ,  ( d e p e n d i n g  u p o n  t h e  s t a t e  o f  t h e  
i n p u t s )  i t  i s  p o s s i b l e  t o  w r i t e  t i g h t  i n n e r -
l o o p s  o f  o n e  o r  t w o  i n s t r u c t i o n s  w h i c h  c o n -
t a i n  N - w a y  b r a n c h e s ,  t h e  b r a n c h e s  i n  f a c t ,  
n o t  r e q u i r i n g  a n y  t i m e  f o r  e x e c u t i o n .  T h i s  
c a p a b i l i t y  i l l u s t r a t e s  p e r h a p s  t h e  m o s t  
p o w e r f u l  f e a t u r e  o f  t h e  m a c h i n e ,  t h a t  i s  
s e p a r a t e  i n s t r u c t i o n s  a r e  n o t  r e q u i r e d  f o r  
b r a n c h e s  a n d  t h u s  t h e  t o t a l  c o n t r o l  o p e r a t i o n  
c a n  p r o c e e d  w i t h i n  t h e  c o n t r o l  m o d u l e  a n d  
n e v e r  b e  s e e n  b y  t h e  b a l a n c e  o f  t h e  m a c h i n e .  
S i n c e  i n  m o s t  m a c h i n e  i n s t a l l a t i o n s  s o m e -
t h i n g  l i k e  9 0 %  o f  t h e  m a c h i n e  c y c l e s  a r e  
u s e d  f o r  c o n t r o l  o p e r a t i o n s ,  a  g r e a t  i n -
c r e a s e  i n  m a c h i n e  p e r f o r m a n c e  i s  a c h i e v e d  
b y  t h i s  p a r t i t i o n i n g  w i t h o u t  e n g a g i n g  i n  t h e  
" N A N O - s e c o n d  r a c e . "  T h e  c u r r e n t  m a c h i n e  
s t r u c t u r e  e m p l o y s  a  1 0  b i t  c o m m a n d  b u s  a n d  
a n  8  b i t  d a t a  b u s ,  t h e  c o n t r o l  m o d u l e s  a r e  
i m p l e m e n t e d  i n  s i l i c o n  g a t e  t e c h n o l o g y  
( e i t h e r  P  o r  N  c h a n n e l )  t h e  c h i p  s i z e  i s  
8 0  x  1 6 0  m i l s  a n d  o c c u p i e s  a  2 2  p i n  p a c k a g e .  
D a t a  M e m o r y  C o n t r o l  
T h e  d a t a  m e m o r y  c o n t r o l  m o d u l e  c o n -
t a i n s  8 ,  1 6  b i t  m e m o r y  a d d r e s s  r e g i s t e r s ,  
o n l y  o n e  o f  w h i c h  i s  s e l e c t e d  a t  a n y  g i v e n  
t i m e .  T h e  o u t p u t s  o f  t h e  s e l e c t e d  r e g i s t e r  
g o  d i r e c t l y  t o  t h e  m e m o r y  a d d r e s s  d r i v e r s .  
E i t h e r  t h e  h i g h  o r d e r  o r  t h e  l o w  o r d e r  h a l f  
o f  t h e  s e l e c t e d  r e g i s t e r  c a n  b e  l o a d e d  f r o m  
t h e  d a t a  b u s  o r  c a n  t r a n s m i t  i t s  c o n t e n t s  
t o  t h e  d a t a  b u s .  I n c l u d e d  i n  t h e  m o d u l e  i s  
a  1 6  b i t  a d d e r  w h i c h  a l l o w s  b a s e - d i s p l a c e -
m e n t  t y p e  a d d r e s s i n g  w i t h  a n y  r e l a t i v e  
a d d r e s s  w i t h i n  t h e  l i m i t s  ±  1 2 8 .  I n d e x i n g  
i s  a c h i e v e d  b y  l a t c h i n g  t h e  i n d e x  i n  a  d a t a  
b u s  l a t c h  a n d  e x e c u t i n g  a  r e a d  a n d  i n c r e m e n t  
( o r  w r i t e  a n d  i n c r e m e n t )  o p e r a t I O n  w h i c h  
p l a c e s  t h e - - - C O n t e n t s  o f  t h e  c u r r e n t l y  a d d r e s s -
e d  m e m o r y  l o c a t i o n  o n  t h e  d a t a  b u s  w h i l e  
i n c r e m e n t i n g  t h e  m e m o r y  a d d r e s s  b y  t h e  c o n -
t e n t s  o f  t h e  i n d e x  l a t c h  ( a n d  s i m i l a r l y  f o r  
t h e  w r i t e  i n s t r u c t i o n s ) .  G r e a t  f l e x i b i l i t y  
i n  a d d r e s s i n g  i s  t h u s  a c h i e v e d  w i t h  a  v e r y  
s i m p l e  i n s t r u c t i o n  s e t .  T h e  d a t a  m e m o r y  
c o n t r o l  m o d u l e  h a s  b e e n  i m p l e m e n t e d  i n  
s i l i c o n  g a t e  c h i p  1 1 5  x  1 2 0  m i l s  i n  s i z e  a n d  
o c c u p i e s  a  4 0  p i n  p a c k a g e .  I t  a l s o ,  o f  
c o u r s e ,  c o n t r o l s  t h e  r e a d - w r i t e  m e m o r y  c o n -
t r o l  a n d  a n  o u t b o a r d  d r i v e r  w h i c h  a l l o w s  t h e  
m e m o r y  t o  t h r o w  i t s  c o n t e n t s  t o  t h e  d a t a  
b u s ,  s i g n i f i e d  b y  t h e  s w i t c h  i n  F i g .  1 .  
A r i t h m e t i c  a n d  L o g i c  O p e r a t i o n s  
T w o  a r i t h m e t i c - l o g i c  m o d u l e s  h a v e  
b e e n  d e s i g n e d  f o r  t h e  m a c h i n e .  T h e  f i r s t  i s  
a  r a t h e r  s t a n d a r d  A L U  c o n t a i n i n g  7  r e g i s t e r s  
a n d  a l l o w i n g  a n y  o f  t h e  s t a n d a r d  u n i a r y  o r  
b i n a r y  o p e r a t i o n s  t o  b e  e x e c u t e d  b e t w e e n  t h e  
a c c u m u l a t o r  a n d  t h e  o t h e r  r e g i s t e r s .  T h e  
r e s u l t s  m a y  b e  r e t u r n e d  t o  e i t h e r  t h e  
d e s i g n a t e d  r e g i s t e r  o r  t o  t h e  a c c u m u l a t o r .  
T h e  d a t a  b u s  i s  t r e a t e d  a s  t h e  8 t h  r e g i s t e r .  
T h i s  u n i t  i n  s i l i c o n  g a t e  t e c h n o l o g y  o c c u p i e s  
a  c h i p  1 0 0  x  1 0 0  m i l s  a n d  a  2 2  p i n  p a c k a g e .  
I n  a d d i t i o n ,  a  h a r d w a r e  m u l t i p l y  m o d u l e  h a s  
b e e n  d e s i g n e d  w h i c h  a l l o w s  g r e a t  f l e x i b i l i t y  
i n  e i t h e r  s i n g l e  o r  m u l t i p l e  p r e c i s i o n  m u l t i -
p l i c a t i o n s  o f  e i t h e r  m a g n i t u d e  n u m b e r s  o r  
t w o s  c o m p l e m e n t  s i g n e d  n u m b e r s  i n  a l l  c o m -
b i n a t i o n s  a n d  h a s  a  b u i l t - i n  a d d e r  a n d  
a c c u m u l a t o r  s o  t h a t  i t  c a n  a c c u m u l a t e  t h e  
s u m  o f  p r o d u c t s  w i t h o u t  r e s o r t i n g  t o  t h e  
a r i t h m e t i c  l o g i c  u n i t .  T h e  h i g h  o r  t h e  l o w  
o r d e r  p a r t  o f  t h e  p r o d u c t  c a n  b e  p l a c e d  o n  
t h e  d a t a  b u s  o n  c o m m a n d  o r  t h e  e n t i r e  p r o -
d u c t  c a n  b e  r e t a i n e d  i n  t h e  a c c u m u l a t o r  f o r  
l a t e r  u s e .  
A c k n o w l e d g e m e n t  
T h e  m a c h i n e  w a s  i n  l a r g e  m e a s u r e ,  a  
c l a s s  p r o j e c t  i n  a  g r a d u a t e  c o u r s e  i n  L S I  
D e s i g n .  T h e  i n d i v i d u a l s  p r i m a r i l y  r e s p o n -
s i b l e  f o r  t h e  v a r i o u s  p o r t i o n s  o f  t h e  s y s t e m  
w e r e :  P L A  C o n t r o l l e r  - J o h n  G o r d ,  A v i  G o v e r ,  
J i m  A t h e r t o n ,  V i n c e n t  W o n g ;  D a t a  M e m o r y  
C o n t r o l  - M i k e  W i m b r o w ,  B o b  O f f e r m a n ,  S t e v e  
B i s s e t t ,  E d  C h e n g ;  A L U  - P a u l  S c h l u t e r ,  J o e  
E l m e r s ,  V i n c e n t  W o n g ;  M u l t i p l i e r  - · R o d n e y  
M a t s u m o t o ,  H o n  H i n g  S o ;  a n d  S o f t w a r e  -
S t e v e  C o l l e y .  
T h e  s y s t e m  d e f i D i t i o n  w a s  t h e  p r o -
d u c t  o f  m u c h  d i s c u s s i o n  w i t h  S t e v e  C o l l e y  
a n d  K e n t  G o r d o n .  T h e  w o r k  w a s  s u p p o r t e d  i n  
p a r t  o f  t h e  O f f i c e  o f  N a v a l  R e s e a r c h  ( D .  
F e r r y )  •  
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